The size dependence of the ionization potential Ip(n) of van der Waals (vdW) bound clusters has been calculated by using a model Hamiltonian, which includes electron hopping, vdW interactions, and charge-dipole interactions. The charge-density and dipole-density distributions for both neutral and ionized n-atom clusters are determined self-consistently. The competition between the polarization energy of the neutral atoms surrounding a partially localized hole and the tendency toward hole delocalization in the ionized clusters is found to dominate the size dependence of Ip(n). To test our theory, we calculate Ip(Xen ) and Ip(Krn ) for n~300, Good quantitative agreement with experiment is obtained. The theory is also applied to calculate Ip(Hg n ) . Comparison with experiments suggests that in Hg., + clusters with n~. 20 the positive charge is mainly distributed within a trimer which is situated at the center of the cluster and which polarizes the n -3 surrounding neutral atoms.
I. INTRODUCTION
Van der Waals (vdW) clusters have been studied for a long time, and in particular more intensively since the discovery of "magic numbers" in the mass spectra of Xe., clusters.I As a consequence of the closed-shell atomic configuration, neutral vdW clusters have a very small binding energy. The atoms are held together by weak London dispersion forces.f The valence electrons remain localized around the atoms and no net local dipole moments are present. Upon ionization, dramatic changes occur in the electronic structure. The positive charge (hole) tends to delocalize due to. interatomic hopping, with the consequent weakening of van der Waals bonds, and at the same time induces polarization of the surrounding neutral atoms. These two effects are competitive, since the larger the hole delocalization, the smaller the energy gain due to polarization. The interplay between the kinetic energy of the hole and the interatomic Coulomb energy (in the form of charge-dipole and dipoledipole interactions) clearly plays a central role in the charge distribution within the ionized clusters and in the size dependence of the ionization potential I p (n) of van der Waals clusters.
Haberland'' proposed that ionized n-atom rare-gas clusters consist of a positively charged subcluster of m atoms (m = 2,3,4) surrounded by n -m neutral atoms. The physical picture underlying this model is that after the hole reaches delocalization over m atoms (m < n), it becomes energetically less favorable to delocalize the hole also over one of the remaining n -m atoms than to polarize a neutral atom around the ionized subcluster of m atoms. This model was used as a basis for several calculations 4 -6 of ground-state properties of rare-gas cations such as Ar n +, Kr., +, and Xe., +, and for the interpretation of the experimental ionization potentials of Kr., and Xe., clusters.
7,s However, from the previous arguments, it is clear that, due to the interplay between charge delocalization and polarization, the cohesive energy of ionized vdW clusters cannot be simply described by a sum ·of pair potentials between the atoms as in Ref. 6 . The size-dependent electronic structure, charge-dipole energy, and dipole-dipole energy, which depend on the specific cluster environment, should be taken explicitly into account. It is one of the goals of this paper to present an electronic theory allowing a self-consistent determination of the charge-density and dipole-density distributions and thus a proper treatment of the central interplay between hole delocalization (kinetic energy) and chargedipole polarizations (Coulomb energy).
Divalent-metal atoms such as Hg also show a raregas-like, closed-shell configuration (isoelectronic to He). However, as is well known,9-l3 neutral Hg., cluster undergo a transition from vdW to covalent to metallic bonding for increasing cluster size. Hg., clusters with n~n c (10 :5 n c :5 20 atoms) have been shown to be vdW bound.P Thus, upon ionization of these clusters, a rearrangement in the electronic structure similar to that of rare-gas cluster cations can also be expected. This seems to be confirmed experimentally, since the size dependence of the ionization potential of Hg., clusters with n :5 20 is remarkably similar to that of rare-gas clusters.lo,n It is the purpose of this paper to present a theory for the size dependence of the ionization energy of van der Waals clusters by considering the different competitive interactions discussed above on the same microscopic level. In Sec. II we develop a self-consistent approach for the calculation of the ground-state energies of the neutral and ionized clusters, from which Ip(n) is derived. In Sec. III results for Xe.,, Kr n , and Hg., clusters are given. In rare-gas clusters b..€ also contains the shift produced by the spin-orbit coupling. As already discussed in the Introduction, the neutral subcluster is assumed to be purely vdW bound. Consequently, we set the electronic hopping between the neutral atoms and between the neutral and ionized subclusters equal to zero.
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In order to derive the self-consistent equations for the charge-and dipole-density distributions it is convenient to write the dipole operators PTe = (PTe"" PTeIl' PTez) as where hisCT' h ISCT' and ntCT are the hole creation, annihilation, and occupation operators, respectively. The ionized and neutral subclusters are represented by {m} and {n -m}, respectively. Within {m}, charge-dipole interactions are taken into account up to second-order perturbation theory. This results in a shift of the on-site localization and polarization energy. In contrast to the neutral vdW clusters, we do not expect all hopping elements to be blocked in the charged clusters. Although a completely localized hole causes maximally polarization energy in the neutral environment and does not break any vdW bonds, delocalization of the hole within a subcluster of a few 171, atoms may overcome the loss of some polarization andvdW energy. If so, then the hopping integrals would be approximately nonzero within the positively charged subcluster of 171, atoms and zero outside. Even so, a more exact solution of the problem would be desirable; due to the difficulties involved, we proceed by assuming that the hole is localized within a subcluster of 171, atoms. Using this model, the cohesion forces in the ionized clusters can be visualized as follows. The positive charge of the ionized subcluster induces net dipole moments on the n-m neutral atoms, which remain vdW bound. The orientation of these induced dipole moments is determined by the dipole-dipole interactions among them, and by the charge-dipole interactions between the atoms and the hole in the ionized subcluster. At -the same time, the potential of these dipole moments affects the dynamics of the hole. In mean-field approximation, this results in a shift of the energy levels for the hole. Except for a few highly symmetric cluster structures, the different atoms of the ionized subcluster have different local coordination or environment and, thus, different level shifts. This leads to a redistribution of the positive charge, which modifies the induced dipoles and so on, until a balance between the kinetic energy of the hole, the charge-dipole attraction and the dipole-dipole interactions is reached.
In divalent-metal clusters the hole is of dominant s character and its kinetic energy is determined mainly by ss hopping. Interatomic hopping of a single hole does not involve Coulomb repulsion. Thus, sp and pp hopping within the ionized subcluster can be neglected. The same holds'for the dipole-dipole interactions, whose effect is much smaller than the kinetic energy of the hole. Taking into account the physical picture described above, we can approximate the Hamiltonian of Eq. (2.1) for singly ionized divalent-metal clusters, by 16 We have calculated the ionization potential Ip(n) of vdW clusters with n~300. We consider vertical ionization, which is equivalent to assuming that the ionization process is so fast that the cluster structure does not relax. Therefore, we do not optimize the structure of the ionized clusters. We consider compact cluster structures, which maximize the total coordination number, and consequently the binding energy of the neutral state. Some of the structures used for n < 13 are schematically shown in the inset of Fig. 2 In order to check on the validity of the assumption of partial hole delocalization within a subcluster, we have compared the electronic energy of ionized vdW clusters with a completely localized, partially localized, and cornpletely delocalized hole. For the parameters corresponding to Xe, Kr, and Hg (see Table I ) the partially localized solution is always the most favorable. As an example, we show in Fig. 1 typical results for the energy difference between the case m = 3 (hole deloc';'lized within a trian- gular trimer) and the tight-binding limit m= n for Xe., clusters, as a function ofthe cluster size. The value of the subcluster-size m that gives the largest cohesive energy depends on the parameters and will be analyzed later for each element in particular by comparing to experimental results of the ionization potential. While setting the hopping elements equal to zero outside the ionized subcluster causes, at first sight, an unphysical sharp boundary between the ionized subcluster and the neutral rest of the cluster, we do not expect dramatic changes if we would relax our approximation of zero hopping elements. In order to keep the gain in polarization energy optimally, the boundary should be relatively sharp. Our self-consistent mean-field: calculations describe a snapshot of the hole being in the configuration with the lowest energy. The partially localized hole and its polarization cloud can be seen as a quasiparticle, whose position in the cluster can fluctuate through tunneling. However, the energy barrier to overcome is very large (and increases with cluster size), and therefore no substantial deviations from the mean-field solutions can occur. In view of the results presented before, we also exclude the posibility of uniform distribution of the positive charge across the surface (or surface-ionization), since in this case the gain in polarization energy is practically zero.
To determine the influence of the interplay between hole delocalization and polarization energy on the size dependence of [pen), we have calculated [pen) for different subcluster sizes (m = 1,2,3,4) and shapes of the ionized subcluster {m}. Particularly for m = 3 both the linear and the triangular structures were tested. Since we assume vertical ionization, the shape of ionized subclusters {m} must be compatible with the structure of the neutral clusters. For instance, for very small (compact) clusters (n ;S 6) only triangularlike structures are possible for the ionized subcluster with m = 3.
In Fig. 2 we show results for the size dependence of the ionization potentials of rare-gas clusters with were used. The corresponding experimental results of Ref. 7 are also given for the sake of comparison.
In this section we present results for Ip(n) of Xe., and Kr.; clusters and compare them with experiment,7,8 particularly in order to interpret available experimental results within the framework of our theory.
Results for the size dependence of the ionization potentials of Xe., and Kr., clusters are given in Fig. 3 .
as a special case, unless the atomic hole level </>1 becomes very high at one end of the trimer [see Eq. (2.16)J, which is not likely to occur due to polarization energy and coordination effects. The examples analyzed before provide a quite complete description of the physics dominating the size dependence of Ip(n) in the framework of our model. Since the hole localizes for increasing cluster size n, further assumptions for the size of the ionized subcluster m with m > 4 do not contain more information, and are therefore not shown. Let us finally mention that for increasing hopping integral to (and fixed m), the size dependence of Ip(n) becomes smoother, due to the increase of the delocalization energy of the hole with respect to the polarization energy. Particularly, the polarization decrease tends to disappear, as the polarization energy becomes less important. • expt.
.. theory 11 0 0.2 0.4 _1/30.6 0.8 n between n = 9 and n = 13 followed by a saturation of the polarization energy for n > 13, as a "polarization decrease" of Ip(n).
Assuming an ionized dimer core, i.e., an ionized subcluster with m= 2, the kinetic energy of the hole appears as an important contribution to the size dependence of Ip(n). The curve Ip(n) 1==2 lies below Ip(n) 1==1 and, for n < 9, the difference between both curves is almost exclusively due to the delocalization energy of the hole. The hole delocalizes to the detriment of the polarization energy. For small symmetric clusters both atoms of the ionized subcluster have the same charge, while for larger clusters (n~9) most of the positive charge concentrates on the atom with highest coordination, i.e., the hole tends to localize at the central atom. In this case, charge-dipole and dipole-dipole interactions become dominant and, therefore, a sharp decrease is obtained in has lower values than Ip(n) I~i~~g and for some cluster sizes the curve lies even below Ip(n) 1==4, because the delocalization energy of a hole in a linear trimer is larger than in the triangular structure. Moreover, the hole remains delocalized within the whole linear trimer also for n > 9. Since this charge distribution induces less polarization of the surrounding neutral atoms than a localized charge, no important changes occur in the size dependence of Ip(n) 1~~3r upon completing the first coordination shell. From Fig. 2 we conclude that the size m of the ionized subcluster and the resulting kinetic energy of the hole and polarization energy determine the main features of the size dependence of the ionization potential of raregas-like clusters. In general, the solution of Eqs. (2.19a) and (2.19b ) with m > 2 includes the cases m = 1 and m = 2 as limits for certain values of the parameters, for example, n > 13 -and large atomic polarizability. However, for m = 3 the situation is different depending on whether the subcluster structure is linear or triangular. The wave function of the hole in a linear trimer is delocalized over the three atoms, while in a triangular trimer the hole delocalizes only over two of the three atoms. Therefore, it is not possible to find the solution of m = 2 These were obtained by setting the size of the ionized subcluster m = 4, and by using to (Xe) = 0.15 eV and to(Kr) = 0.1 eV, which are consistent with the respective bulk band widths. Since experimental values for the adiabatic ionization potential" of Xe., and Kr., clusters were determined by assuming a constant (size independent) difference between the vertical and the adiabatic IP's, we have to shift our calculated values for the vertical I p (n) by a constant in order to be able to compare with experiment. This constant can be included in de [see Eq. (2.8)], which is determined by fitting to the ionization potential of the tetramer. As shown in Fig. 3 , good agreement with experiment is obtained. In particular, note that the already discussed polarization decrease of Ip(n) between n = 9 and n = 13, is also observed in the experiment. The magnitude of this decrease due to polarization effects is much smaller for Kr., than for Xe n , since a(Xe) > a(Kr). Our theory seems to describe most of the essential features of Ip(n) in rare-gas clusters. It is worth remarking that for Xe., and Kr., clusters the model of an ionized tetramer core (m = 4) agrees better with experiment than the case with m < 4. This implies that Xe., + and Kr., +, produced upon vertical ionization, can be viewed as consisting of a positive subcluster of four atoms and n -4 polarized neutral atoms surrounding it. However, notice that for increasing cluster size the hole tends to localize, and for n > 13 it is almost completely localized on one of the four atoms. This is in contrast to previous calculatlons.S'' which suggest that the ground state of these clusters consists of a linear ionized subcluster, whose size varies between m = 3 and m =-4 atoms, and a crown of n -m neutral atoms. Recent photoabsorption experiments'[' have been also interpreted with this model. The model used in these calculations is based on the fact that the ground state of small rare-gas cations (n = 3,4) have linear structure, due to the balance between the attractive energy resulting from the unoccupied antibonding state and the repulsive Born-Mayer energy.22 Nevertheless, the fact that the ground-state structures of Xe3 + and Xe4 + are linear does not necessarily imply that larger ionized clusters must build up from such linear cores. In fact, the polarization of the surrounding atoms and its interplay with the kinetic energy of the hole may change with cluster size and can cause a compact ionized core to be energetically more favorable. We use to = 0.7 eV, which is obtained by fitting to the bulk density of states. 13 The parameter to = 0.7 eV, for which we obtain best agreement with experiment, is consistent with the previous calculations of the binding energy, and the transition from vdW to covalent bonding in neutral Hg., clusters.V de was determined to repro- .>: [ Fig. 4(b) ]. We assumed a triangular ionized subcluster (m = 3). The calculated Ip(n) for small clusters (n~19) are in good qualitative agreement with experiment. This suggests that the weight of the covalent character in the ground state of small Hg., clusters is too small to produce significant changes, or that the ,transition to covalentlike behavior occurs at a larger size in the ionized clusters. From the comparison between theory and experiment one concludes that the hole produced by the ionization remains localized in mercury clusters. These results are thus consistent with vdW behavior in small Hg n clusters, as already pointed out in previous studies. 9 -13 For Hg., clusters having more than 19 atoms the assumption of an ionized vdW-like system breaks down, due to the transition to covalent bonding, as can be seen in Fig. 4 . term. Comparison with these tight-binding calculations clearly indicates that at least in vdW clusters the physics of the cations must be taken more carefully into account. Charge-dipole and dipole-dipole interaction energies must be calculated explicitly since, as discussed in Sec. IlIA, they dominate the size dependence of Ip(n) for localized or partially localized hole. In Ref. 13 the tight-binding results were improved for small clusters by setting the hopping integrals of the tight-binding Hamiltonian equal to zero, in order to simulate vdW bonding. Notice that although such an approximation neglects both any remaining kinetic energy of the hole and all the induced polarization effects, considerably better agreement with experiment was obtained for n < 15.
From the point of view of this paper, it is easy to understand qualitatively the origin of this better agreement. The blocking of the hopping integrals leads, in the ionized clusters, to a localization of the hole at one atom, and the term e 2 / 2R could be roughly interpreted as the polarization energy (relaxation energy) of the surrounding n -1 neutral atoms. However, as we have discussed before, the polarization energy should be proportional to _R 3 rather than to R-1 • It is one of the goals of this paper to quantify, within a microscopic theory, the role of the charge redistribution effects on the electronic structure of small Hg., + clusters and on the ionization potential of small Hg., clusters. Our model yields a microscopic explanation of the so far not well understood behavior of Ip(n) for Hg., clusters with n ;S 20 atoms.
Comparison between theory and experiment for n > 10 reveals interesting features. The ratio a/r'J in Hg is large, so that the polarization energy is important even for relatively large values of the kinetic energy of the hole. Therefore, the calculated ionization potential of Hg., clusters shows a polarization decrease of the order of r--0.25 eV (see Fig. 4 ). The experimental observation ofthis decrease would indicate that Hg., clusters are vdW bound for n > 13. Comparison between our calculations and experiment in Fig. 4(a) indicates that the experimental curve indeed shows a polarization decrease which is even sharper than in the calculated Ip(n). The experimental Ip(n) exhibits a step between n = 13 and n = 15, and then the polarization energy seems to saturate, since the experimental behavior is very well reproduced by the calculated Ip(n) up to n = 19. Thus, the size dependence of the ionization potential of Hg., clusters with n~19 determined by electron-impact ionization clearly corresponds to vdW behavior. Furthermore, the large polarization decrease reflects large induced dipole moments in the neutral subcluster. For n > 19 the theoretical curve deviates from experiments, which reflects the break down of the assumption of vdW bonding in Hg., for n .2:: 20. This is due to the transition to covalent bonding and, consequently, to a more delocalized hole in the ionized clusters. Let us recall that for rare-gas clusters good agreement with experiment is obtained assuming vdW bonding for all clusters sizes (n~300). Notice that for n~15 one should expect for the neutral clusters a nonnegligible, although possibly not yet dominant, covalent contribution to the ground-state wave function, since the energy of the vdW and covalent electronic states are not too, different. 12 However, the energy gain due to charge-. dipole polarizations may still favor hole localization in such Hg., + clusters. Thus, Ip(n) could reflect vdW behavior at sizes where the neutral-cluster properties (e.g., cohesive energy) already show some covalent character.
Comparison between our calculated Ip(n) for Hg., clusters with n > 13 and experimental results obtained by photoionizatlon-? is shown in Fig. 4(b) . Unfortunately, only one experimental value lies between n = 13 and 19, and therefore the presence of the polarization decrease in this curve cannot be proved. Nevertheless, the calculated and experimental ionization energies are very similar for n = 17. It would be of interest to determine whether this decrease is observed by photoionization. As was the case for Xe., and Kr., clusters, we obtain best agreement with experiment for the Ip(n) of Hg., clusters by assuming that the ionized subcluster {m} has a compact structure, in this case m = 3 with triangular shape. In Table II , results for the charge distribution within the triangular subcluster Hg 3 + are shown. For increasing total cluster size n, the polarization of the neutral atomic shells surrounding Hg 3 + leads to a localization of the hole on the atom with the largest coordination number. We have calculated the size dependence of the ionization potentials of vdW clusters by using an extension of the model developed in Ref. 12. In order to check the accuracy of the theory we have first calculated Ip(n) of rare-gas clusters with n ;S 300. Comparison with experimental results yields a quite satisfactory agreement, which indicates that the model accounts for most of the features in the size dependence of the Ip(n) of vdW clusters. We obtain that upon ionization of Xe., and Kr., clusters the hole remains localized within a subcluster of four atoms, which polarizes the n -4 remaining neutral atoms. With increasing cluster size the hole tends to localize at the center of the cluster. Our self-consistent calculations of the charge density and dipole density show that the total energy of the cluster cannot be described in term of pair potentials. Many-atom interactions appear due to the dipole-dipole and charge-dipole interactions.
We have calculated the ionization potential of small Hg., clusters, which are dominantly vdW bound. Experiments performed by means of electron-impact ionization show a characteristic vdW behavior for n ;S 20, whereas from photoionization experiments a vdW-like Ip(n) is observed for n ;S 13, and the extent to which the photoionization results reflect vdW behavior for 13 ;S n ;S 20 remains unknown. For n ;:: 20, both experiments show an increase of the slope of I p vs n-1 / 3 , which indicates s-band broadening'P and covalent behavior, reflected in the ionized clusters through bond polarization.Y We conclude that for n ;S 20 vdW-like behavior of the Ip(Hg n ) clusters is observed. We obtain that in Hg., + clusters the hole is localized within a triangular subcluster (m = 3), and that localization increases with cluster size, until the transition to covalent bonding takes place. The fact that the behavior of Ip(n) of small Hg., clusters is very simi-
